Abstract-In this paper, we describe a circuit-element model for the electric detection of biomolecules in translocation through a nanopore in a semiconductor-oxide-semiconductor (SOS) membrane. The biomolecules are simulated as a superposition of individual charges moving through the nanopore and inducing a charge variation on the membrane electrodes that is modeled as a current source. The SOS membrane is discretized into interconnected elementary circuit elements. The model is tested on the translocation of 11 base single-stranded C3AC7 DNA molecule, for which the electric signal shows good qualitative agreement with the multiscale device approach of Gracheva et al., while quantifying the low-pass filtering in the membrane. Overall, the model confirms the possibility of identifying the sequence of the DNA bases electrically.
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I. INTRODUCTION
N OWADAYS, biological nanopores receive considerable attention because of their crucial role as ion channels in regulating ion flow through cell membranes and performing such functions as ion selectivity to maintain ion concentration on both sides of the membrane [1] , [2] .
The nanoscale features of these membrane channels make them promising candidates for identifying the chemical structures of biomolecules such as nucleic acids [3] . In particular, it has been demonstrated that single-stranded DNA, which are characterized by a diameter of 1-2 nm, can be electrically driven through proteinaceous nanopores, thereby inducing a transient decrease in the ion current by partially or totally blocking the channel, correlating the duration of the current blocking with the length of the strand [4] - [6] . However, as biological nanopores are tailored by nature, their stability and low-noise characteristics are greatly dependent on chemical, mechanical, electrical, and thermal conditions.
Recently, Gracheva et al. proposed the use of a nanopore made in a semiconductor membrane to operate as an electric sensor for DNA detection [7] , [8] , thus offering a robust system with several advantages such as chemical stability, robustness to temperature, and electrical tunability to name a few [9] - [11] . The structure features a four-terminal device with a detector response that can be enhanced by direct integration through high-sensitivity and low-noise MOS amplifiers. The nanopore diameter and the thicknesses of the layers that make the membrane are defined with subnanometer precision with the capability to constrain DNA molecules within the pore, as well as to spatially resolve the electric potential along the nanopore axis. In order to simulate the response of a DNA strand translocating through the nanopore capacitor, the authors developed a multiscale approach combining molecular dynamics with a 3-D self-consistent Poisson solver to compute the voltage traces over a ring located at the inner constriction of the pore [12] . The results indeed show the possibility to resolve the base sequence in DNA. However, the model fails to account for ohmic and capacitive loading in the membrane, and is unable to assess the magnitude of the signal on a detector far from the nanopore.
For this purpose, we developed a simple membrane-nanopore model based on a circuit-element approach to assess the electric response of a DNA translocation along the membrane. The electrostatic induction from each of the charges in the DNA strand moving through the pore and felt by the semiconductor membranes is modeled as a current source, while the membrane equivalent circuit is simulated by SPICE to assess the voltage traces collected on the remote electrodes of the nanopore capacitor.
The paper is organized as follows. Section II describes the structure of the membrane. The model of the DNA translocation and the elements of the equivalent electric circuit are detailed, respectively, in Sections III and IV. Section V presents and discusses the results obtained by our model.
II. NANOPORE DESCRIPTION
The structure simulated in this paper is similar to the membrane nanopore investigated in [7] . It consists of a synthetic nanopore in a semiconductor-oxide-semiconductor (SOS) membrane operating as an electric capacitor (see Fig. 1 ), and can be represented by two intersecting cones with a 30
• aperture angle. The membrane is made of a thin SiO 2 layer (2 nm) sandwiched between two heavily doped silicon layers. As the DNA strand translocates through the nanopore capacitor, these silicon layers act as electrodes that record the electric potential fluctuations induced by the charges carried by the DNA molecule. In this model, two external oxide layers have been added to the top and bottom of the membrane layers to decrease the parasitic capacitance resulting from the electrolyte double layer at the inner interface between the solution and the semiconductor layers.
The DNA strand translocates at a constant velocity through the nanopore under the influence of an externally applied bias voltage. In our simulations, the diameter of the pore is 1 nm in accordance to experiments [8] and the multiscale simulations of Gracheva et al. [7] , [12] . For this reason, we consider singlestranded DNA molecules that are stretched when translocating through the pore, as recently reported by Aksimentiev et al. [13] . The overall structure is immersed in 1 M KCl solution.
III. PHYSICAL MODELING OF THE ELECTRICAL SIGNAL OF THE DNA CHARGE ON THE MEMBRANE
The DNA molecule is electrically characterized by various electronic charges carried on the backbone and the bases, and as such can be simulated as a sequence of charges, each defined by its position and value, which, when translocating, induce a potential variation in the neighboring semiconductor layers. In order to gain some insight into the signal shape on the capacitor, we first model the behavior of a single charge translocating through the pore as a current source. We then sum over the contributions of all the charges of the DNA molecule in order to obtain the overall current source resulting from the moving DNA strand and its electric response on the membrane capacitor. We assume that each conical surface of the nanopore can be discretized into a series of cylinders of different radii (starting with the largest at the nanopore aperture to the shortest at the inner SiO 2 layer), and analyze the influence of the moving charge on each of these cylindrical electrodes. These electrodes are modeled by electrically "floating" capacitors, the dielectric of which is the series combination of the depletion region, a thin oxide layer, and the electrolyte double layer.
A. Point Charge Response
A point charge q situated near the nanopore axis will see some of its flux lines end on the inner side of the cylinders and will generate by electrostatic induction an opposite charge on the cylinders. In a first-order approximation, the induced charge on a cylinder can be obtained from a simple proportionality relation to the solid angles sustaining the cylinder from the charged particle position. This angle is the difference between the solid angles Ω 1 and Ω 2 sustained by the edges of the cylinder, as shown in Fig. 2(a) . A geometry factor F is associated to the difference between these solid angles:
which accounts for the magnitude of the electrostatic induction of the charge on the capacitor plate and varies with its position in the capacitor. Using this geometrical factor, the variation of the electrical charge δq seen by one of the nanopore inner capacitor when the charge q moves through the pore with a velocity v(x) can be written as
with
Then, one introduces
As a consequence, the translocation of a single charge induces a charge variation on the electrode that can be modeled as a current source I(x) feeding the floating capacitor. I(x) depends on three parameters: the charge value, the gradient of the geometrical factor, and the charge velocity. The floating capacitor is connected to the conducting n + -Si layer delivering the output signal. The simplest circuit model of the electrodes should also take into account the parasitic capacitor C p with its surroundings, specifically the electrolyte in contact with the membrane. The equivalent electrostatic circuit model is displayed in Fig. 3 , defining
and showing the scaling induced by the parasitic capacitor C p .
A more refined analysis of the membrane is presented in the next paragraph.
In the general off-axis situation, the solid angles Ω 1 and Ω 2 are determined according to the method derived by Tryka [14] . Considering a point P defining a solid angle Ω sustained by a disk S of radius r, and labeling ρ and H the distance between P and the x-axis, and the distance between P and the disk S, respectively [see Fig. 2(b) ], one gets
where
Hence, feeding (3) into (1) and (1) into (2) determines the charge variations generated on one of the inner capacitors by the charge moving through the nanopore.
B. DNA Strand
As mentioned previously, the DNA molecule is characterized by the conformation of charges that compose the strand, including the backbone and the bases. The effect of each charge of the strand can be modeled by a current source (2c), which is entirely defined by its charge value, position, and velocity. In order to compute the DNA strand electrostatic induction, all the DNA charge contributions to the electrical signal on the nanopore inner capacitor are summed up according to (2)-(3). An atomic-level description of the DNA strand with its charge distribution has been computed by molecular dynamics simulations using nanoscale molecular dynamics (NAMD), as described in [13] .
In the following, we make two important assumptions to assess the magnitude of the signal recorded on the membrane electrodes: 1) the conformation of the ssDNA remains unchanged, which means that the simulated strand remains rigid during its translocation through the nanopore and 2) the velocity of the whole strand is constant. These two assumptions are consistent with the multiscale approach of Gracheva et al. [7] , [12] with which we will compare our results.
Finally, we define the electrostatic induction of a DNA molecule on the semiconductor layers as a current source given by
with x i 0 being the original position of the charge i for time t = 0.
IV. CIRCUIT-ELEMENT MODELING OF THE MEMBRANE
In this section, we describe the different membrane elements in the equivalent electric circuit based on its geometry and material properties. As the upper and lower electrodes are identical, we only describe the modeling of the upper layer, as detailed next.
A. Modeling of the n-Doped Silicon Electrodes
The combination of the electrolyte double layer [9] , [15] , [16] and the depletion zone in the semiconductor layer at the inner interface of the nanopore behaves as a cylindrical capacitor. In this paper, the depletion thickness W is assumed to be constant and equal to 1 nm, as estimated from multiscale simulation for an N D = 2 × 10 20 cm −3 Si doping in the Si layer and a surface potential Φ S ∼ = 0.16 V [7] . As the double-layer capacitor connected in series with the depletion capacitor presents a quite large value, its effect is negligible with respect to the lower capacitance of the depletion layer. In order to account for the 30
• slanted angle, the n-doped Si part is divided into five minilayers, each defining a cylindrical capacitor characterized by a different radius r i [see Fig. 4(b) ]. The wall slope inside each minilayer is assumed to be negligible. The depletion capacitance in each minilayer is computed as
The silicon electrode is modeled by a network of resistors, which is obtained by dividing each minilayer into five elementary cells, so that the whole electrode comprises 25 electric cells. One elementary cell is therefore a ring characterized by its height h, its external radius r i,ext , and its internal radius r i,int . It is made of two radial resistors, R r /2, and two so-called "thickness" resistors, R th /2, all interconnected as shown in Fig. 4(a) The corresponding resistances are given by
where ρ S i is the resistivity of the doped silicon layer.
B. Modeling of the SiO 2 Layers
Both upper and lower external SiO 2 layers are assumed to be 2 nm thick. They separate the upper and lower electrodes from the electrolyte solution and are modeled by five capacitors, each of them connected to the resistor terminals of the upper (lower) minilayer of the upper (lower) Si electrode. For the middle SiO 2 layer, the same design is used: five parallel capacitors connecting the upper electrode to the lower electrode. As each SiO 2 capacitor figures a ring shape, again defined by its height h, its external radius r ext , and its internal radius r int , it is expressed as
C. Screening
The presence of the KCl solution screens the electrostatic induction of the DNA charge on the semiconductor layers in two ways: first, by the polarization of the water molecules that is accounted for by the electrical permittivity of the liquid. This factor is presently considered as a parameter of the model, and plays an important role in the amplitude of the signal. Indeed, as the DNA strand fills the nanopore, it expells water molecules that reduce the dielectric screening. As a consequence, the factor is likely to vary locally, from the electrical permittivity of water to a much lower value, if water is absent. Second, K + and Cl − ions behave as counter ions over the charges of the ssDNA, thereby screening their electrostatic induction (2) on the electrodes. This screening impacts the electrodes mainly for the four upper minilayers, where the electrostatic induction is reduced by a damping factor arbitrarily fixed to 0.1. Because the last layer close to the intermediate SiO 2 layer has a 1 nm radius, the screening effect is assumed to be negligible for the corresponding inner capacitor. Indeed, single-stranded DNA features a 1 nm diameter, which matches the 1 nm diameter of the pore; thus, as the DNA molecule occupies the whole space and minimizes the presence of counter ions, as shown by the current blockade. Moreover, since the DNA molecule expells the electrolyte from the nanopore, the electrolyte-oxide interface [17] disappears, and is consequently not simulated in this model.
D. Circuit-Element Modeling of the DNA Translocation
As aforementioned, the coupling between the translocating DNA strand and the device relies on the electrostatic induction felt by the sensing capacitors through the depletion zone at the inner interface of the nanopore. Thus, the current sources I(t) (4) characterized by the corresponding geometrical factor F are connected to the inner capacitors of the nanopore. As the geometrical factor implies the radius of the capacitor [ (1) and (3)], a current source needs to be calculated for each depletion capacitor. Fig. 5 illustrates the equivalent circuit of the detection process. One can see each couple current source-inner capacitor corresponding to each minilayer connected with the 25-cell resistors network. In order to produce a clear scheme, we represent the five capacitors related to each SiO 2 layer by a symbolic single capacitor, connected to both resistor networks in the case of the intermediate layer, and to one resistor network and the electrolyte solution in the case of the external layers. Finally, we introduce two parasitic capacitors connected in parallel with the output of both electrodes; they account for the capacitors that will inevitably appear with the connection to any measurement device, such as instrumentation amplifiers, and for which we assumed a fixed value of 0.01 pF.
The whole approach is depicted in Fig. 6 . The DNA strand structure was computed previously by molecular dynamics (MD), as described in [13] . The information is mapped on our grid in order to calculate the electrostatic induction of the strand. Then, we use our SPICE circuit model and simulate the translocation of the ssDNA molecule to obtain the electrical signature of the strand.
V. RESULTS AND DISCUSSION

A. Single-Charge Translocation
In Fig. 7(a) , we show the voltage trace resulting from the translocation of an electron charge moving through the nanopore at a constant velocity of 2 m/s, for which the overall transit time across the entire pore (h = 15 nm) is 7.5 ns, and thus, 3.25 ns over one single electrode. The velocity of 2 m/s is chosen in accordance with the MD simulations run in [13] . Fig. 7(a) displays the voltage traces for the charge moving along the central axis of the nanopore recorded on the upper and lower electrodes. The simulation begins at time t = 0 ns and ends at time t = 20 ns, which corresponds to an original position x 0 = −20 nm and a final position x f = 20 nm, where x = 0 nm is assumed to be at the center of the pore. We observe two voltage dips, one for each electrode, which reach their maximum at 97 µV as the charge passes in the constriction of the pore at t = 9 ns. This is consistent with the fact that the K + counter ion screens the moving charge as long as it is away from the constriction, but vanishes around the constriction. As the electrodes are symmetric and the charge velocity remains constant, the two dips are identical, but shifted from one another by 2 ns.
In Fig. 7(b) , we show the voltage trace recorded on the upper electrode for the translocation of the same charge, but with its motion off center of the x-axis. It is seen that as the charge moves away from the nanopore center to the semiconductor surface, the signal width becomes narrower and its amplitude grows to 140 µV from 97 µV when the charge is in the center of the pore. 
B. DNA Strand
In Fig. 8(a) , we show the calculated electrical response (solid line) on the upper electrode of an 11 bases ssDNA sequence, 5 − CCCACCCCCCC − 3 (C3AC7), where we also display the calculated electrical response (dashed line) of the molecule backbone. The molecule axis coincides with the axis of the pore, while the strand moves through the pore at a constant velocity of 2 m/s in a fixed conformation.
The simulation starts at position x = −25 nm and ends at x = 25 nm with the same convention as before. At first sight, the trace shown in Fig. 8(a) is composed of ten dips, including the first one characterized by a smaller magnitude and a shoulder. Actually, the third dip is a superposition of the two dips corresponding to the third and fourth bases of the C3AC7 molecule: it is clearly seen in Fig. 9 that displays the simulation of each fragment of the strand translocating independently through the pore. Each base of the C3AC7 molecule is associated with a sugar ring and a phosphate group, except the first one which does not include a phosphate group. As a consequence, the first base signature exhibits a short positive shoulder that arises from the missing, negatively charged, phosphate group that usually offset the positive charge of the sugar ring and the base, thereby resulting in a positively charged fragment. The maximum of the recorded fluctuations reaches 212 µV for the whole C3AC7 strand and 205 µV for the backbone, while the maximum voltage for a single base is about 35 µV. For the sake of comparison, we show in Fig. 8(b) the voltage traces computed [7] , [12] . by the multiscale approach of Gracheva et al. [7] , [12] . Note that we display voltage trace versus time as Gracheva et al. plot their trace versus position, which are equivalent given the constant velocity v = 2 m/s used in both models. Our results feature a good qualitative agreement regarding the shape of the curves. There is, however, a major discrepancy in the magnitude of the signal, which is due to the fact that Gracheva et al. compute the voltage signal over a ring located at the inner constriction of the nanopore by 3-D self-consistent Poisson solver, while our SPICE model, which computes the voltage signal on the overall electrode (see Fig. 1 ), accounts for the circuit losses in the membrane, leading to a significant reduction of the signal amplitude read by an external observer. Moreover, the response greatly depends on the parasitic capacitors connected in parallel on the output as they act as a capacitor divider. As a consequence, these parasitic capacitors should be minimized as much as possible. As mentioned earlier, we show in Fig. 9 , the simulation of the 11 molecular fragments of the single-stranded C3AC7 molecule, each translocating independently through the nanopore capacitor. Each fragment is composed of a sugar ring, a phosphate group, and a base (except the first one which does not include the phosphate group), and results in a voltage dip. These voltage dips look quite similar and overlap significantly. Moreover, the fourth trace related to the fragment containing the A base is not significantly different from the C base signatures. As discussed before, the first fragment signature exhibits a short positive shoulder. Our qualitative observations are consistent with the analysis of Gracheva et al. [12] as their corresponding simulation features the same characteristics, such as the 11 quite similar voltage dips and the shoulder.
One of the advantages of the SPICE model over multiphysics simulations [7] , [12] is the ability to analyze the signal response as a function of parameters external to the nanopore. Fig. 10 shows the electrical response of the C3AC7 molecule when the parasitic capacitors associated with detectors and external circuitry away from the pore are varied from 0.01 to 1 pF. As predicted by the simple model illustrated in Fig. 3 , these capacitors act as dividers that reduce the signal magnitudethe magnitude order is divided by 10 (respectively, 100) for the 0.1 pF capacitor value (respectively, 1 pF)-but the shape of the curve is not affected. Fig. 11 displays the electrical response of the same sequence for various membrane radii, i.e., 0.05, 0.5, and 1 µm, respectively. As the external radius is changed, both the radial R r and "thickness" R th resistors are modified, as well as the oxide capacitors (6)- (7) . By increasing the external radius of the membrane, a significant decrease of the signal amplitude by a factor of 5 (20) for r ext = 0.5 µm (1 µm) is obtained due to the larger membrane impedance. One also observes signal distortions that are interpreted as caused by the emergence of low-pass filtering by the modification of the R-C network values. We attribute the last oscillations (between positions 15 and 16) to fringe effects associated to the end of the strand as it leaves the influence of the upper electrode to enter into the area controlled by the dielectric. Inversely, our model also shows the same effect as the strand leaves the dielectric area to enter into the influence of the lower electrode.
As a final result, we simulate mutations of the C3AC7 molecule by replacing the fourth A base successively by a C, G, and T base, resulting in three new sequences: C3CC7, C3GC7, and C3T C7. Fig. 12 displays the electrical signatures of these single-stranded DNA molecules computed for the upper electrode. It is seen that the voltage traces for these sequences differ from each other significantly; the observed variation occurs mainly at the fourth fragment trace, which is precisely the mutated base, and its neighborhood. From Fig. 12 , we estimate that the maximum difference between these voltage traces is about 30 µV.
VI. CONCLUSION
In this paper, we developed a SPICE circuit model that investigates the electric response of the SOS membrane due to the translocation of a single-stranded DNA molecule through a 1-nm-diameter nanopore.
We compare our results with the multiscale model described in [7] and [12] , and point out a good qualitative agreement between both methods, thus leading to validating our model. On the quantitative side, the magnitude of the strand signatures differs by a factor of the order of 10 2 , mainly due to losses induced by the electrical circuit and the parasitic capacitors included in the model. In this context, our results still show the resolution of the 11 bases even in the worse conditions. Hence, our model enables the optimization of the device by exploring its physical features (geometry, electrical material properties) or, for instance, by adding MOS amplifiers to the structure to improve the recorded signals. We can already point out the importance of minimizing the parasitic capacitor value as well as the external radius of the membrane, which are key parameters in terms of signal magnitude. Moreover, the results provided by the SPICE model can be used, in the electric circuit domain, as input data for the analysis of analog amplification, numerical conversion, and processing of the electrical signal in the vicinity of the nanopore.
Although these results are encouraging, they are quite coarse assessments as assumptions, such as the fixed conformation of the molecule during the entire translocation, the constant velocity, or the electrical permittivity of the solution arbitrarily set to water electrical permittivity, have been made. In this respect, the noise induced by ionic stochasticity and the DNA conformation dynamics needs to be assessed, but this topic is beyond the scope of the paper, and will be investigated in a future work.
